
n 

JET FLOW AND JET NOISE 

by 

Erik Mollo-Chrlstensen 

'$ Massachusetts Institute of Technology 
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The flow and sound fields of jets have been investigated 

experimentally. The information given in the paper includes 

examples of shadowgraph pictures, Mach-number profiles, pres- 

sure space-time correlations and spectra in the near field 

and spectra in the far f i e l d .  Some consequences of the re- 
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1. In t roduct ion  

There is no t  much hope f o r  a be t t e r  theory of J e t  no i se  t h a n  

L i g h t h i l l ' s  theory (1,2,3) as e labora ted  upon by Ribne r  ( 4 )  and 

W i l l i a m s  ( 5 ) .  

This  does no t  mean t h a t  the theory now a v a i l a b l e  completes our  

d e t a i l e d  Under s t and ing  of j e t  no i se .  

lem beyond the p r e s e n t  l e v e l  of understanding is  i n t r a c t a b l e  and 

t h e r e f o r e ,  perhaps, u n i n t e r e s t i n g  t o  t h e o r e t i c i a n s .  

our p r e s e n t  understanding of j e t  noiee has cont r ibu ted  s i g n i f i c a n t l y  

t o  t h e  technology of j e t  noise  prevent ion .  

It is ra ther  that  the prob- 

I n  add i t ion ,  

Whether o u r  p r e s e n t  knowledge and understanding i s  s a t i s f a c t o r y  

o r  no t  depends upon one ' s  purpose. Also ,  of course,  w e  d o n ' t  know 

how good the  present  theory is ,  because it i s  as good as most p re s -  

e n t  experimental  information, i n  the sense t h a t  when experiment and 

theory have disagreed in t h e  p a s t ,  it has been d i f f i c u l t  t o  decide 

which t o  blame, Among t h e  reasons f o r  t h i s ,  one can mention t h a t  

the experiments are d i f f i c u l t  t o  perform accura t e ly  unde r  c o n t r o l l e d  

circumstances,  and t h a t  a theory f o r  a s t o c h a s t i c  process  can y i e l d  

the c o r r e c t  r o o t  mean square without be ing  phys ica l ly  c o r r e c t .  

For the l a s t  few years ,  we have been making measurements of j e t  

n o i s e  a t  M.I.T. w i th  the  hope of learning more about the phenomenori 

and t h e  theory .  An important a d d i t i o n a l  cons idera t ion  was t h e  f a c t  
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t ha t  while the t h e o r i e s  give methods f o r  p r e d i c t i n g  the far  f i e l d  

noise  i n  terms of' v e l o c i t y  f l u c t u a t i o n s ,  they say very l i t t l e  

about how t o  determine the ve loc i ty  f l u c t u a t i o n s .  This may n o t  

be se r ious ,  s i n c e  the s i m i l a r i t y  laws governing incompressible 

j e t  turbulence are known (6), but  our c u r i o s i t y  went  beyond s i m i -  

I 0 -  

l a r i t y .  I shall  here give a s h o r t  d e s c r i p t i o n  of our measurements 

and some examples of our r e s u l t s .  The detailed r e s u l t s  w i l l  be 

published elsewhere,  

2 .  1 The experimental  arrangement. 

In the  cons t ruc t ion  of the apparatus ,  extreme care  was taken 

t o  avoid p a r a s i t i c  sources of no i se  and v i b r a t i o n .  After comple- 

t i o n  of the apparatus ,  it took u s  a year of mod i f i ca t ion  and r e -  

bu i ld ing  before w e  go t  data which obeyed the more obvious similarity 

laws f o r  changes of s c a l e  and f low v a r i a b l e s .  The arrangement i s  

shown i n  Fig. 1. In t h e e s e t t l i n g  chamber, the  a i r  passes through 

s t e e l  wool pads, a long honeycomb and screens, and the  area r a t i o  

\)f nozzle  area t o  s e t t l i n g  chamber c ros s - sec t ion  i s  e i t h e r  1/144 o r  

1/720, depending upon the nozzle diameter. The r m s  turbulence 

level  a t  the nozzle  e x i t  could n o t  be detected us ing  h o t  wire equip-  

m e n t  which had a noise l eve l  of less than as measured in terms 

of mean stream v e l o c i t y .  The anechoic chamber was designed f o r  

s h o r t  wavelengths, and worked s a t i s f a c t o r i l y .  

Among the  p a r a s i t i c  influence8,which gave t roub le  be fo re  they 

were eliminated,were: v ib ra t ions  from the air supply, amplifier 

microphonics, sound-induced v i b r a t i o n s  of the microphone suppor ts ,  
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s c a t t e r i n g  around cable6 and microphone aupparta; besides many 

o t h e r s ,  adding up t o  a long t a l e  of extended f r u s t r a t i o n ,  which 

w i l l  n o t  be t o l d  here. 

3. Flow observa t ions  

In t h i s  s e c t i o n  we show the results of measurements obtained 
e 

by Kolpin (16), h i s  r e s u l t s  w i l l  be published i n  de ta i l  elsewhere.  

Figures 2 and 3 show shadowgraphs of the f low from nozzles  of 

1/2 inch  and 1 inch diameter, opera t ing  a t  Mach number M = .6 and 

.8, r e s p e c t i v e l y .  

e x i t  is lambar i n  F i g ,  2, while i t  is t r a n s i t i o n a l  o r  t u r b u l e n t  

The boundary l a y e r  on the nozzle  w a l l  a t  the  

in Fig. 3 .  

Figure 4 shows the  l o c a l  Mach number M(x,y) as a func t ion  of 

0 d i s t a n c e  frgm the nozzle e x i t  plane x =Sed and d i s t a n c e  from the 

j e t  a x i s  y .  The s imi l a r i t y  when ( M/MCenterline is  p l o t t e d  v e r s u s  

'1 = y*- is shown in t h e  lower half  of F ig .  4 .  

The l a m i n a r  core  extends approximately f o u r  diameters down- 

stream of the nozzle  ex i t  f o r  t h e  larger j e t  (d  = 1") and s i x  

diameters downstream f o r  t h e  smaller  j e t  (d  = 1/2"), independent 

of e x i t  Mach number. The f l o w  in the smaller j e t  was laminar  a t  7 the  nozz le  e x i t .  

The r o o t  mean square f l u c t u a t i o n  of a x i a l  v e l o c i t y  7% = 

a t  y = d w a s  found t o  be p r a c t i c a l l y  cons tan t  fo r  d i s t a n c e s  from 

the  nozz le  e x i t  plane between 1 < ;< 6 f o r  both jets,  u/UCenterline 

vary ing  between ,lo and ,12. Figure 5 shows the normalized power 

rr&rli.r Q.,. 

w 

X s p e c t r a l  d e n s i t y  of these ve loc i ty  f l u c t u a t i o n s ,  u t  a t  % =  ix, 
a 
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& - A 9  - 1 verslcls dimemionless frequency ~x,hJeXltf as measured by 

Kolpin (16). The normalizat ion is such that 
0 

F i n a l l y ,  F ig .  6 shows t he  space-time c o r r e l a t i o n  c o e f f i c i e n t  of 

a x i a l  v e l o c i t y  f l u c t u a t i o n s  obtained f o r  one combination of f low 

parameters. The c o r r e l a t i o n  c o e f f i c i e n t  %,(3,Ay,.r) is  def ined  as 

Figure 6 shows curves r ep resen t ing  the  v a r i a t i o n  of RUU with 

de lay  time 1 f o r  var ious values  of 45, measured a t  y = d/2, 

The logar i thmic  M e x i t  
decrement d d s t a n c e . 4  f o r  which RUU I s  reduced by a f a c t o r  of 

l/e i s  approximately 

= .3  f o r  a nozzle of one inch  diameter. 

A% = A%/d =I 
The rounding o f f  of the curves wi th  inc reas ing  A3 r e p r e s e n t s  

t h e  rapid decay of the  small eddies ,  while the larger eddies en-  

dure  f o r  a longer  d i s t a n c e .  

e 

The speed of t r a v e l  of the dis turbances ( c o r r e l a t i o n  speed) 

was found t o  be Uexit/2 w i t h i n  t he  l i m i t s  of experimental  accuracy.  

These flow data are i n s u f f i c i e n t  f o r  p r e d i c t i n g  the sound emitted 

from the j e t ,  a l though the data appear t o  support  many of the as- 

sumptions u s u a l l y  made as t o  pe r s i s t ence ,  scale and s i m i l a r i t y  

of v e l o c i t y  f l u c t u a t i o n s .  The data a l s o  agree wi th  those obtained 

by previous  i n v e s t i g a t o r s  (Corrsin (8 1, Corrsin and Kist ler  (7), 

Corrs in  and Uberol (,8), Crane and Pack (ID), Kanptlr (ll), 

Laurence (12), Lassiter (-1?j), Liepmann and Laufe r  (14)  Morkovh (15) 
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although the presen t  data are more complete as far as compressibie 

j e t  flows are concerned. 

4 .  Pressure f i e l d  measurements 

Us ing  small microphones of our own cons t ruc t ion ,  w e  measured 

the p res su re  f l u c t u a t i o n s  near the j e t  and power s p e c t r a l  d e n s i t i e s  

and space-time c o r r e l a t i o n s .  

ment f o r  near f i e l d  measurements. The microphone suppor t ,  a com- 

b ina t ion  of s tee l ,  brass, foam rubber and t o r t u r o u s  shapes of 

Styrofoam, was the success fu l  r e s u l t  of time-consuming and perhaps 

n o t  f u l l y  r ak iona l  experimentation. 

Figure 7 shows the microphone arrange- 

Because near f i e l d  pressure  measurements have in the past been 

suspec t  because of the p o s s i b i l i t y  of 

one needs t o  d i s c u s s  t h i s  p o i n t .  

g u s t s  h i t t i n g  the microphone, 

There are always g u s t s  on a microphone near  a j e t  s i n c e  t h e  

unsteady v e l o c i t y  f i e l d  extends t o  i n f i n i t y .  A microphone n o t  i n  

t h e  far f i e l d  w i l l  be s u b j e c t  t o  "pseudo sound," the unsteady 

p res su re  f i e ld  a s soc ia t ed  w i t h  turbulence moving past the ,mic ro -  

phone. If the presence of the microphone changes these p res su re  

f l u c t u a t i o n s  not iceably ,  one may say that g u s t s  are h i t t i n g  the 

microphone. Since the problem of g u s t s  is one of degree rather 

than of kind, w e  devised an ad hoc d e f i n i t i o n  . 
A human hair  was glued t o  t h e  side of the  microphone, J u t t i n g  

o u t  approximately one mil l imeter  beyond I t s  f ace .  

observed through a microlscope a t  20 times magnif icat ion.  

The hair w a s  

If the 
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hair  aplxared t o  move a t  a l l ,  w e  said there were gus t s  on t h e  

microphone. There were no gusts on the microphone i n  t h e  r e -  

sults w e  are showing h e r e ,  

The microphone responds t o  p re s su re  f l u c t u a t i o n s  on i t s  s u r -  

f ace ,  t h i s  p re s su re  depends upon the f l u c t u a t i n g  v e l o c i t y  f i e l d  

a t  and away from the microphone. 

a r e  small, one may f i n d  a l i n e a r  superpos i t ion  of p re s su re  f i e l d s  

s a t i s f a c t o r y ,  and the  pressure f l u c t u a t i o n  p 1  a t  a p o i n t  x may be 

w r i t t e n  as an integral over space and t i m e  of an opera tor  on the 

f i e l d  of v e l o c i t y  f l u c t u a t i o n s  

If the  pressure  f l u c t u a t i o n s  

where t h e  prime denotes  t h e  time-dependent par t ,  

t i o n s  involved here I s  t h a t  viscous stresses do no t  a f f e c t  the 

pressure-ve loc i ty  r e l a t ionsh ip ,  and t h a t  the  pressure  d e n s i t y  re-  

la tgonship  ;Ls l o c a l l y  po ly t rop ic .  

The approxima- 

A microphone, therefore, responds t o  the e n t i r e  v e l o c i t y  

f i e l d .  

a t  

f l u c t u a t i o n s  near the microphone w i l l  a f fect  the p res su re  a t  the 

microphone more than the same v e l o c i t y  f l u c t u a t i o n  a t  a p o i n t  

f a r  away. 

The Green's func t ion  G(x,t I y , t )  is, however, s i n g u l a r  

=$, t = tl. One must  t he re fo re  expect  that  v e l o c i t y  

I As used i n  the near f i e l d ,  a microphone w i l l  respond t o  the 

more coherent  p a r t  of t he  ve loc i ty  f i e l d  I n  i t s  v i c i n i t y .  Keep- 

ing t h i s  i n  mind, we may proceed t o  examine some of the r e s u l t s .  
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Figure 8 Shows the r o o t  mean square amplitude of pressure 

f l u c t u a t i o n s  

is  x = s e d ,  and 8 is the  semi-vertex angle of a r i g h t  c i r -  

c u l a r  cone through the microphone and t h e  nozzle edge, as shown 

i n  the  f i g u r e .  This v a r i a t i o n  is  t y p i c a l  f o r  bo th  nozzles  and 

a l l  Mach numbers less than u n i t y .  The s e n s i t i v e  area of the 

microphone had a diameter of less than 1.5 millimeter. A se t  

( 4 , e )  The d i s t ance  from the nozzle  e x i t  plane 

of t y p i c a l  s p e c t r a  a r e  shown in Fig. 9 .  The power s p e c t r a l  
d e n s i t y  of p ' ( x , t )  is p l o t t e d  versus reduced frequency S = 2T C d X  Uexit 

f o r  several streamwise l o c a t i o n s .  S i m i l a r i t y  appears t o  

es tab l i sh  i k s e l f  a f te r  t r a n s i t i o n  has been completed. For h igh  

f'requenciea, the power spectral  dens i ty  decreases approximately 

= .25, - 1/3 d X  as . The spectra have a maximum near Za Uexit 

the maximum value slowly decreas ing  wi th  streamwise d is tance  from 
(2a e x i t  

t he  nozzle  : e x i t .  

Examples of measured pressure  space-time c o r r e l a t i o n s  are 

shown i n  Fig. 10 and 11. The c ros s -co r re l a t ion  c o e f f i c i e n t  

R 

cons t an t  A2. 
(*,&j,'K) is what is  a c t u a l l y  shown, p l o t t e d  as curves f o r  PP 

Rpp i s  defined as fol lows:  

The data  shown are 

of our c o r r e l a t o r .  

make R d i s t i n c t i o n  

raw data, taken d i r e c t l y  from the output  p l o t t e r  

One s e e s  from the f i g u r e s  t h a t  one may wish t o  

between c o r r e l a t i o n  phase v e l o c i t y ,  WphJ and 
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the  velo1:ity of t h e  maximum c o r r e l a t i o n  W may be def ined  as 
€5' wPh 

This  v e l o c i t y  is  in a l l  our measurements found t o  d i f f e r  by l e s s  

than t e n  p e r  cent from Ucenterline/2.  The microphones a r e  t h e r e -  

f o r e  observing the  pressure  f l u c t u a t i o n s  a s soc ia t ed  w i t h  moving 

turbulence,  r a t h e r  than sound. An upstream source of noise  could 

eas i ly  r a d i a t e  enough sound t o  obscure what w e  measured, o r  a t  

least  change t h e  correlation speed s i g n i f i c a n t l y .  

, is  more d i f f i c u l t  t o  de -  
r wg 

The o t h e r  c o r r e l a t i o n  ve loc i ty ,  

f i n e ,  and  I may be wrong i n  th inking  of it as a group v e l o c i t y .  

However, remembering 'that the  mean flow i n  t he  j e t  is uns tab le ,  

i t  i s  no t  s u r p r i s i n g  tha t  one d is turbance  e x c i t e s  a f e w  more of 

the  same k ind ,  these being added as t h e  i n i t i a l  d i s tu rbance  I s  

propagat ing downstream. A j e t  flow a l s o  has a d e f i n i t e  s t a r t i n g  

region, and develops f u l l y  w i t h i n  a few length s c a l e s  from t h i s  

reg ion;  t h e  presence of a s tanding  p a r t  of the d i s tu rbances  is  

0 

t h u s  n o t  s u r p r i s i n g .  

T h i s  is t r u e  i n  t h e  sense of an  average over  a l imi ted  domain, 
I t  as, f o r  example, def ined  by the  v e l o c i t y  f i e ld  seen" by a micro- 

phone. To a lesser degree,  it a l s o  holds f o r  l o c a l  v e l o c i t y  

c o r r e l a t i o n s ,  as can be seen from Fig. 6. A crude approximation 

f o r  t hc  I t  l a r g e  eddy" p a r t  of the near pressure  f i e l d  is  t h e  form: 
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where 1 i s  a decay d i s t ance ,  U/d a frequency parameter and c a 

nond imens io r i a l  d i s turbance  l eng th .  Our measurements indicate  t h a t  

F igure  12 shows how the maximum pressure c o r r e l a t i o n  decreases  

with sepa ra t ion  A 3 ,  
p a r t  of the  v e l o c i t y  f i e l d  is  indeed s u r p r i s i n g ,  the  d i s t a n c e  f o r  

a decay by a fac tor  of l/e being t y p i c a l l y  of order  two j e t  

d iameters  and more than twice the d i s t a n c e  of t h e  upstream micro- 

phone from the nozzle  e x i t .  

The ind ica t ed  p e r s i s t e n c e  of the coherent  

F igures  13 and 14 show examples of t h e  maximum pres su re  c o r r e l a -  

t i o n  c o e f f i c i e n t  ac ross  a j e t  diameter ( Q( = 180') and around one 

quarter of the j e t  circumference ( o( = goo), r e s p e c t i v e l y .  

Again, the  high c o r r e l a t i o n  is remarkable, i l l u s t r a t i n g  how the  

microphones respond t o  the more coherent part of the  t u r b u l e n t  

v e l o c i t y  c o r r e l a t i o n s .  Also notable  is the Increase  i n  c o r r e l a t i o n  

w i t h  streamwise loca t ion , .once  the ex i t  Mach number is  above 0.3. 

'1 do n o t  understand why t h e  Mach number e n t e r s  i n  here, inde-  

pendent ly  of j e t  diameter. The only reason I can th ink  of I S  t ha t  
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f o r  as q u i e t  upstream condi t ions as w e  had i n  our  experiment, 

sound o r  compress ib i l i t y  p l ays  a ro le  i n  t he  t r a n s i t i o n  processes  

in the  j e t .  How important compress ib i l i ty  i s  i n  t h i s  r e s p e c t  is 

s o l e l y  a func t ion  of the e x t e r n a l  no i se  and turbulence  l e v e l s .  

As a last  example of t he  r e s u l t s  obtained i n  our experiments, 

w e  show t h e  far  f i e l d  s p e c t r a  obtained a t  MeXit = 0.8 f o r  j e t  

diameters 1/2" and 1" (F ig .  15) .  The square r o o t  of t h e  dimension- 

+('r 'exit ex1 t 
less power spectral  d e n s i t y  

f o r  s e v e r a l  values  of and dis'tances r from t h e  c e n t e r  of t h e  

nozzle  opening. 9 is defined by: 

W d  ) is  p l o t t e d  versus  2Ku d d  

00 

\ p , 4 - =  (52 M y  $ s gj%p&) 
0 

where 

r e s p e c t i v e l y .  

9 andza are d e n s i t y  and speed of sound a t  the nozzle  e x i t ,  

The power spectral  d e n s i t i e s  d i f f e r  fo r  the two j e t  diameters, 

no  simple M" law desc r ibe  the data w i t h i n  experimental  accuracy, 

a l though f o r  

n vary from 9 t o  6.7, which brackets M 

in the far f i e l d  one f i n d s  t h a t  Mn f i t s  i f  one l e t  

rather n e a t l y .  8 

It appears poss ib l e  t o  f i t  the s p e c t r a  f o r  e> 60' i n t o  some 

i 
kin& of s i m i l a r i t y  relationship,  while the s p e c t r a  fo r  /8< 60° are 

more complicated than the examples given by, f o r  example, Ribner  ( 4 ) .  

5. Conclusions 

The pres su re  space-time covariance In the near f i e l d  of a j e t  

ex tends  over s e v e r a l  wavelengths of the sound emitted a t  t h e  maxi- 

mumlof f a r  f i e l d  power s p e c t r a l  d e n s i t y .  
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The high-frequency space-time c o r r e l a t i o n  decay fas t  w i t h  c o r r e -  

l a t i o n  d i s t ance ,  although it  has not  been measured i n  terms of decay 

pe r  waveJength of emit ted sound.  More measurements are necessary.  

0 

The d e t a i l s  of t r a n s i t i o n  i n  a j e t  in the absence of upstream 

no i se  depends upon Mach number. The fa r  f i e l d  sound s p e c t r a  from 

j e t s  depend upon t h e  d e t a i l s  of the t r a n s i t i o n  process  as well as 

the  s t r u c t u r e  of the f u l l y  developed t u r b u l e n t  j e t s .  

None of these conclusions w i l l  a f f e c t  the  present methods f o r  

crude e s t ima tes  of j e t  noise, the l a r g e s t  e f f e c t  measured be ing  

l e s s  than t e n  d e c i b e l s  i n  power s p e c t r a l  d e n s i t y .  
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Figure  2. Shadowgraph D = , M = .6. 



Figure  3 .  Shadowgraph D = 1" , M = -8 .  
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